Astrometric positions of moving objects in the Solar System have been measured using a variety of star catalogs in the past. Previous work has shown that systematic errors in star catalogs can affect the accuracy of astrometric observations. That, in turn, can influence the resulting orbit fits for minor planets. In order to quantify these systematic errors, we compare the positions and proper motion of stellar sources in the most utilized star catalogs to the second release of the Gaia star catalog. The accuracy of Gaia astrometry allows us to unambiguously identify local biases and derive a scheme that can be used to correct past astrometric observations of solar system objects. Here we provide a substantially improved debiasing scheme for 26 astrometric catalogs that were extensively used in minor planet astrometry. Revised corrections near the galactic center eliminate artifacts that could be traced back to reference catalogs used in previous debiasing schemes. Median differences in stellar positions between catalogs now tend to be on the order of several tens of milliarcseconds (mas) but can be as large as 175 mas. Median stellar proper motion corrections scatter around 0.3 mas/yr and range from 1-4 mas/yr for star catalogs with and without proper motion, respectively.
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new astrometric measurments as those should make use of the Gaia astrometric catalog. Since previous debiasing schemes already reduced systematics in past observations to a large extent, corrections beyond the current work may not be needed in the foreseeable future.
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Introduction
Over more than two centuries astronomers have collected approximately 200 million astrometric observations of minor planets in the Solar System 2 . This dataset of astrometric measurements is essential to estimate the trajectories of Solar System Objects (SSOs) such as near-Earth asteroids (Milani and Gronchi, 2010) . The vast majority of astrometry used for orbit determination of SSOs is optical, i.e. pairs of Right Ascension (RA) and Declination (DEC) measurements at given epochs. In contrast, only a tiny fraction of the SSO population has been observed by radar 3 . Improving the quality of optical astrometry is a worthwhile endeavor, especially if that means extending the arc of observations for objects of interest. Over the years a variety of star catalogs has been used to measure astrometric positions of asteroids to a common frame of reference such as the ICRF (Table 1) . With improving quality of astrometric measurements it became evident that some observations of asteroids showed systematic errors that deviated from the expected scatter around the nominal trajectory (Carpino et al., 2003) . Some of those systematic errors could be traced back to the use of specific astrometric catalogs in the observation reduction process. To assess these systematic errors one can compare stellar positions and proper motion between various star catalogs. Chesley et al. (2010) used the 2 THE GAIA CATALOGS 2MASS (Skrutskie et al., 2006) catalog as a reference to identify local systematics in positions of stars in the USNO catalogs (Monet, 1998; Lasker et al., 1996a; Monet et al., 2003) . Correcting for regional biases in star positions led to better ephemeris predictions and improved the error statistics of astrometric observations of asteroids.
Selecting the most accurate stars in the PPM XL catalog based on 2MASS astrometry, Farnocchia et al. (2015) improved the scheme by Chesley et al. (2010) and debiased practically all of the prevalent star catalogs used for asteroid astrometry. Farnocchia et al. (2015) included proper motion in the debiasing process which led to widespread improvements in the post-fit residuals of asteroids, most notably (99942) Apophis, (101955) Bennu and (6489) Golevka.
The present work follows a similar approach with the advantage of having Gaia data, described in section 2, as a reference. Following a brief outline of the debiasing process (section 3) we calculate position and proper motion corrections for stellar catalogs that have been used extensively in minor planet astrometry (sections 4 -6). In section 7 we then assess the quality of ephemeris predictions based on the new debiasing scheme. A discussion of our results concludes this article.
The Gaia catalogs
Since 2013 the Gaia mission has been collecting astrometric information on roughly 1.7 billion sources (Gaia Collaboration et al., 2018) . A first data release based on a partially completed survey featured around a billion sources largely without proper motion (Lindegren et al., 2016 tion. Uncertainties in the parallaxes range between 0.04 milliarcseconds (mas)
for sources with Gmag<15 and 0.7 mas at Gmag=20. The corresponding uncertainties in the proper motion components start at 0.06 mas/yr for Gmag<15 and reach 1.2 mas/yr for Gmag=20. The Gaia astrometric catalog is, thus, a reference of unprecedented accuracy well suited to identify systematic errors in other star catalogs.
Star position and proper motion corrections
Similar to Chesley et al. (2010) and Farnocchia et al. (2015) we compare the various star catalogs that were used for minor planet astrometry in the past to a reference catalog, in this case Gaia DR 2. By dividing the celestial sphere into 49,152 equal-area tiles (∼0.8 square degrees each) using a HEALPix tesselation (Gorski et al., 2005) and comparing stellar positions and proper motion within a given tile we can quantify local systematic differences. To this end we extract stellar positions and proper motion at epoch J2000 from the reference and the test catalog. Given the variability in the number of stars per tile in each catalog, identification of common stars requires some attention.
We first search for spatial correlation between astrometric sources within 1" of the reference position. If candidates are found we apply the identification and outlier rejection criterion described in Farnocchia et al. (2015) to ensure spurious matches are excluded from the sample. The median of the differences in the astrometric quantities of each identified star per tile yields the local corrections for position (∆α J2000 , ∆δ J2000 ), and proper motion (∆µ α , ∆µ δ ) at epoch J2000. Astrometric observations of minor planets can then be corrected for catalog systematics by subtracting ∆α = ∆α J2000 + ∆µ α · ∆t, ∆δ = ∆δ J2000 + ∆µ δ · ∆t, with ∆t = t − 2451545.0, the difference between the epoch of observation and J2000 in JD. All differential quantities ∆α, ∆α J2000 , and ∆µ α include the spherical metric factor cos δ.
Added astrometric catalogs
In addition to the 20 catalogs discussed in Farnocchia et al. (2015) and Gaia DR 1 we added the following five catalogs to be compared to Gaia DR 2: to 100 mas for a declination range from -40 and +50 degrees.
• The 8 (Table 1) . SDSS DR 8, although offering a significant increase in source density, has not been as popular, which is partly due to known issues with the astrometry (Aihara et al., 2011 ).
• The Space Surveillance Telescope (SST) has been relying on a proprietary catalog based on selected sources from a variety of other astrometric and photometric catalogs for the reduction of its 14+ million observations of asteroids in the Solar System. Although not in the public domain, the 5 th version of the SST catalog (SST-RC5) has been kindly made available for this study (Monet, 2018 stars in SST-RC5 are largely the same as in the 4 th installment of the SST catalog, however (Monet, 2018) . Hence, we use the same corrections to debias astrometric obsevations submitted under SST-RC4 and SST-RC5.
• UCAC 5, is the 5 th installment of the US Naval Observatory CCD Astrograph Catalog (UCAC) (Zacharias et al., 2017) . By combining UCAC 5
with Gaia DR1 data new proper motions on the Gaia coordinate system for over 107 million stars were obtained with typical accuracies of 1-2 mas/yr for R=11-15 mag, and about 5 mas/yr through R=16 mag.
• URAT, a follow-up project to the UCAC series featured and increased limiting magnitude that allowed for a roughly 4-fold increase in the average number of stars per square degree as compared to UCAC. Additionally, stars as bright as about 3 rd magnitude were added to the catalog. The URAT 1 catalog (Zacharias et al., 2015) has its mean epoch between 2012.3 and 2014.6 supporting a magnitude range from 3 to 18.5 in R-band with a positional precision of 5 to 40 mas. It covers most of the northern hemisphere and some areas down to -24.8 deg in declination. reduced with USNO A2.0 could benefit from a correction. Table 2 quality of the catalog. Local corrections are mostly due to differences between stellar positions in Gaia DR 2 and Gaia DR 1. The latter were ingested into UCAC 5. URAT 1 has a higher source density compared to UCAC 4, but it also exhibits larger deviations from Gaia DR 2 in both stellar positions and proper motion. We confirm the known issues with astrometric accuracy around the north celestial pole in SDSS DR 8 (Aihara et al., 2011) , which were addressed in the following data releases. Apart from minor systematics stemming from survey incompleteness, Gaia DR 1 had excellent stellar positions at the epoch of its publication (Lindegren et al., 2016) . Since Gaia DR 1 largely lacks proper motion, the differences to Gaia DR 2 become significant at the epoch of comparison (J2000), however. This is reflected in Table 2 . The quality of stel- We debias all observations where corrections are available with the exception of those reduced with ACT, Gaia DR 1, Tycho-2 and UCAC-5, since the latter show no large scale structures in local position and proper motion systematics.
Catalog Comparison Results
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Interpolation of Debiasing Tables
Due to the discrete nature of calculating corrections to astrometric measurments on HEALPix tiles, transitions between neighboring corrections are not guaranteed to be smooth. As an example, Figure 7 shows that adjacent USNO A2.0 tiles can have significantly different bias values, with variations upwards of tile, we use radial basis functions (RBFs, Schaback, 1995) to interpolate data from neighboring tiles onto a finer HEALPix tessellation. This reduces artificial discontinuities along tile borders while at the same time retaining a sufficient number of stars in each of the stencil tiles.
INTERPOLATION OF DEBIASING TABLES
EPHEMERIS PREDICTION TEST
Ephemeris Prediction Test
We follow the example of Chesley et al. (2010, sec. 6) and Farnocchia et al. (2015, sec. 4.3) and evaluate the impact of the new debiasing scheme on asteroid orbit determination and prediction. To achieve that we compare the prediction c 2019. California Institute of Technology. Government sponsorship acknowledged. performance for an ensemble of 700 near-Earth objects (NEOs), each of which had at least five apparitions since 1998. Every one of those apparitions has at least ten observations over 15 days. Using the astrometric observations from either the first two apparitions or the penultimate apparition, respectively, we construct predictions close to the center of the third apparition, near the middle of the true observational arc. The predictions are then compared to the reference solution that uses the full arc. The analysis is performed in a consistent way such that a given debiasing scheme is used for both the short arcs derived from a subset of apparitions and the full arc. All astrometric data is weighted according to the scheme presented in Vereš et al. (2017) . Figure 8 shows the corresponding results. The prediction errors in the orbital semimajor axes of 700 NEOs derived from astrometry debiased with respect to Gaia DR 2 are only slightly smaller that those using the debiasing scheme presented in Farnocchia et al. (2015) . These results suggest that most of the 
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CONCLUSIONS
statistical bias was de facto eliminated with the previous debiasing approach.
Using interpolated debiasing tables as discussed in the previous section did not significantly affect the above prediction statistics, either. Given the larger size of the interpolated table and the potential loss in computational efficiency we recommend using interpolated values only when quasi-discontinuities in the former debiasing table are an obstacle to high-fidelity orbit determination.
Conclusions
The Gaia astrometric catalog published with the second Gaia data release has become the new standard for minor planet astrometry. Its uniformity and high quality in both stellar positions and proper motion allow us to improve prior astrometric observations of minor planets by correcting for potential systematics in other astrometric catalogs. In this work we have used Gaia DR 2 as a reference to calculate debiasing tables for 26 astrometric catalogs. New tables for six catalogs (PPM XL, SST RC5, Gaia DR 1, CMC 15, URAT, UCAC 5 and SDSS 8) that had not been studied in Farnocchia et al. (2015) are included in this work. The quality of catalog corrections presented here is significantly improved compared to previous work, in particular for the UCAC series. The switch to the new debiasing scheme based on Gaia DR 2 delivers only incremental improvement of the quality of near-Earth asteroid orbits over Farnocchia et al. (2015) , however. This suggests that further debiasing attempts may not be necessary. The procedure suggested in this work can help mitigate some of the systematics introduced by the use of star catalogs other than Gaia. We would like to emphasize that the tables are meant as an a posteriori correction to existing astrometric data. They should not be used to debias new astrometric measurments. We strongly recommend contemporary Solar System astrometry be conducted with Gaia DR 2 and its successors. 
